Fibroblast growth factor 2 (FGF-2), also known as basic fibroblast growth factor, belongs to a family of cytokines able to promote proliferation of neuroectodermal and epithelial cells as well as differentiation of mesenchymal cells. FGF-2 is also an angiogenic factor involved in wound-healing processes (18, 45) such as salvage of infarcted myocardium (56) and also in tumor neovascularization (25) . FGF-2 is synthesized by a wide variety of cells, including endothelial cells (48) . In these cells, several forms of FGF-2 are detected, resulting from alternative initiations of translation at three CUG start codons and one AUG start codon (14, 42) . The process of alternative initiation of translation has many consequences for the fate of FGF-2. The CUG-initiated forms contain a nuclear localization sequence (9) and are mostly recovered in the nucleus (44) . In contrast, the AUG-initiated form, lacking a nuclearization sequence, is mostly cytosolic, although it is sometimes also nuclear (8, 9) . Moreover, the CUG-and AUG-initiated forms of FGF-2 can influence cell behavior differently. Constitutive expression of the AUG-initiated form leads to transformation of adult bovine aortic endothelial and NIH 3T3 cells, whereas expression of the CUG-initiated forms leads to immortalization of adult bovine aortic endothelial cells and to slower growth of NIH 3T3 cells (11, 43) .
The process of alternative initiation of translation involves a growing number of viral and cellular mRNAs ranging from yeasts to humans. The choice of initiation codon often determines the subcellular fate and the function of the protein: for instance, the use of alternative codons gives rise to a cell membrane antigen versus a virion capsid precursor, to a nuclear versus a secreted protein, or to a mitochondrial versus a cytosolic/nuclear enzyme in the case of murine leukemia virus (40) , FGF-3 (1), or yeast MOD5 (49) mRNA, respectively. Then the process of alternative initiation of translation not only increases gene diversity but also can control the relative expression of proteins with different locations and functions encoded by a same mRNA.
In eukaryotic cells, translation is thought to be initiated by a ribosome scanning from the capped mRNA 5Ј end, under the control of initiation factors (27, 50) . This model states that the 40S ribosomal subunit initially binds to the mRNA 5Ј cap structure and then migrates along the mRNA molecule in the 3Ј direction until it recognizes an AUG codon in a favorable context. Regulation of translation mostly occurs at the initiation level (51) , and each initiation step is a target for translational control. Several cis-acting elements, including the cap structure, secondary structures in the mRNA 5Ј untranslated region (UTR), the consensus sequence flanking the start codon and the presence of a noncanonical codon, are involved.
The process of ribosome binding to the cap structure is the limiting step of translation initiation, as the cap-binding eukaryotic initiation factor 4E (eIF-4E) is present in only low amounts in cells (13, 19) . When overexpressed, this factor induces malignant transformation of NIH-3T3 cells (30) and deregulation of HeLa cell growth (12) . eIF-4E has been shown to enhance unefficient translation of mRNAs that contain extensive secondary structures in their 5Ј UTRs (26) . Thus, the transforming effect of eIF-4E may result from a translational derepression of mRNAs coding for proteins involved in the control of cell growth and differentiation. Indeed, oncoproteins, transcription factors, and growth factors mRNAs possess long GϩC-rich 5Ј UTRs (28) . All of these observations indicate that the regulation of translation initiation plays a central role in the control of cell proliferation.
An alternative ribosome binding pathway, independent of the cap structure and of eIF-4E, has also been evidenced (20) : an internal ribosome entry site (IRES) has been found in all picornaviruses examined to date, including enteroviruses such as poliovirus and hepatitis A virus (17, 38) , cardiovirus (22, 24) , aphthovirus (2, 4, 29) , and rhinovirus (7), the mRNAs of which are devoid of cap structure and possess a long 5Ј UTR (600 to 1,200 nucleotides [nt]) with multiple cryptic AUG codons. This process of internal initiation of translation has also been reported for other types of virus, i.e., hepatitis C virus (54) and also a plant virus, cowpea mosaic virus (52) , the genomes of which show similarities with that of picornavirus. Furthermore, for picornavirus mRNA, this process has been shown to depend on cellular trans-acting factors (23, 34) , suggesting that it could also involve cellular mRNAs. This hypothesis has been confirmed by the recent demonstration of internal translation initiation occurring in the case of human immunoglobulin heavy-chain-binding protein and Drosophila Antennapedia mRNAs (32, 36) .
We have recently shown that FGF-2 mRNA is not translated according to the eIF-4E-dependent scanning model (41) . Mutation of the first or all three initiation CUGs into nonstart codons does not lead to an increase in initiation at the downstream start codons. Moreover, the 318-nt-long GϩC rich 5Ј UTR, which behaves as a strong translation inhibitor in the wheat germ extract, has no effect either in vitro in rabbit reticulocyte lysate (RRL) or in vivo in COS-7 cells. These observations prompted us to look for a possible IRES (21) in the FGF-2 mRNA. In this report, we show that initiation of FGF-2 mRNA translation is cap independent in RRL and that it occurs, in transfected COS-7 cells, through a process of internal ribosome entry, mediated by an IRES located upstream of CUG1.
MATERIALS AND METHODS
Plasmid construction. The constructs depicted in Fig. 1A were made in vector Bluescript KSϩ (Stratagene) as previously described (41) . Other constructs are detailed below. They were made in vector pSCT (46) with both cytomegalovirus and T7 promoters.
The FGF-chloramphenicol acetyltransferase (CAT) chimeric constructs are shown in Fig. 1B . The monocistronic plasmid pFC1 (encoding the FGF-CAT1 fusion) and derived constructs have been previously described (41) . The pFC1 construct results from the fusion of nt 1 to 539 of FGF-2 cDNA to the CAT coding sequence. Plasmids pFC1-⌬312 and pFC1-⌬472 result from deletions of nt 1 to 312 and 1 to 472 of FGF-2 cDNA, respectively, in plasmid pFC1. The monocistronic plasmid pFC2 (encoding the FGF-CAT2 fusion) contains a fusion of nt 1 to 472 of FGF-2 cDNA with the CAT coding sequence and was constructed from the pSVL-derived plasmid pSC3 (9) as follows. The FGF-CAT2 fusion was introduced into vector pSCT by tripartite ligation of the ApaI-SacI fragment (FGF-CAT sequence) of plasmid pSC3 with the XbaI-ApaI (5Ј leader) and SacI-XbaI (vector) fragments of plasmid pFC1. Plasmids pFC1-5Јrev and pFC2-5Јrev (with an inverted 5Ј UTR) were derived from plasmids pFC1 and pFC2, respectively, by tripartite ligation of the XbaI-Klenow-XhoI fragment (5Ј UTR) with the XhoI-Klenow-SacI fragments (FGF-CAT sequences) and SacISalI (vector) fragments of plasmids pFC1 and pFC2, respectively.
Structures of bicistronic vectors are shown in Fig. 5A and 7A. The monocistronic plasmid pSCT-FGF, containing the complete FGF-2 cDNA sequence, has been previously described (41) . The bicistronic plasmid pBI-FGF resulted from ligation of the NarI-BglII (3Ј region of FGF-2 cDNA plus part of the vector) fragment of plasmid pSCT-FGF with the NarI-BglII (vector plus CAT plus 5Ј region of FGF-2 cDNA) fragment of plasmid pBI-FC1. The bicistronic plasmid pBI-FC1 was constructed by tripartite ligation of the XbaI-PvuI fragment of plasmid pFC1 (FGF-CAT1 fusion plus part of the vector) with the PvuI-HindIII (other part of the vector) and HindIII-XbaI (CAT sequence) fragments of vector pSCT-CAT (41) . The other bicistronic plasmids were constructed in a similar way, using the XbaI-PvuI fragment of each corresponding monocistronic plasmid. In the bicistronic vectors, the first cistron (CAT) is preceded by a 134-ntlong leader when the cytomegalovirus promoter is used for transcription and by a 62-nt-long leader when the T7 promoter is used. A 106-nt-long spacer separates the first cistron from the FGF-2 cDNA residues. This spacer contains 11 stop codons, 7 of which are in frame with the first cistron.
A stable hairpin (⌬G ϭ Ϫ40 kcal [ca. Ϫ167 kJ]/mol, calculated by using PC Gene) was created by introduction of a double-stranded oligonucleotide (5Ј-AGCTTGGCGAGATTTTCAGGAGTCAG-3Ј and 5Ј-GATCCTGACTCCTG AAAATCTCGCCA-3Ј) between the BamHI and HindIII sites of plasmid pSCT-CAT, upstream of the CAT sequence. This was accomplished by tripartite ligation of the double-stranded oligonucleotide (sticky with BamHI and HindIII ends) with the HindIII-XbaI (CAT) and XbaI-BamHI (vector) fragments of plasmid pSCT-CAT. The pHP plasmid series was derived from the latter construct by using the same strategy as for the pBI plasmids (see above). In RNAs expressed from the pHP plasmids, the hairpin is located at the 5Ј end for T7 RNAs but 72 nt from the 5Ј end for cytomegalovirus RNAs.
Additional AUG codons (see Fig. 5A ) were inserted by site-directed mutagenesis. An AUG was introduced at position 154 by PCR amplification of nt 1 to 181 of the 5Ј UTR, using oligonucleotides 5Ј-GGGTCTAGACCGCCGAACTCAG GCCGGCCCCAGAAAACCCGAG-3Ј (containing an XbaI site followed by nt 1 to 34) and 5Ј-GGGGATCCCGTTGCAACCGCGGGCAGCCATCCGCTA-3Ј (complementary to nt 148 to 181, with an in-frame AUG introduced at position 154 [boldface], containing the BamHI site at position 176). This fragment was introduced, using XbaI and BamHI enzymes, into the monocistronic vector pFC1. Mutation of CUG1 (position 319) into AUG has been described previously (41) .
Mutations were checked by DNA sequencing using the dideoxy method (47) . In vitro translation. Plasmids were linearized downstream from the 3Ј end of the FGF-2 or FGF-CAT coding sequence. Capped or uncapped RNAs were generated in vitro by T7 or T3 RNA polymerase according to the manufacturer's instructions, with or without adding m 7 GpppG (0.5 mM) to the transcription reaction mixture, respectively. RNA transcripts were quantitated by A 260 and ethidium bromide staining on an agarose gel, which also allowed verification of their integrity. In vitro translation in RRL (Promega) was performed as previously described (41) , in the presence of [ 35 S]methionine (Amersham). Translation products were analyzed by electrophoresis in a sodium dodecylsulfate (SDS)-12.5% polyacrylamide gel (47) . Autoradiograms of the dried gels were scanned with a BIOCOM apparatus.
DNA transfection and Western immunoblotting (immunoblotting)
. COS-7 monkey cells were transfected by the DEAE-dextran method as described previously (41) . Briefly, 0.5 or 1 g of each plasmid was incubated with the cells for 20 min at 37ЊC in the presence of 1 mg of DEAE-dextran per ml, then chloroquine was added at 40 g/ml, and incubation was continued for 4 h. The DNA was removed, and cells were incubated in 10% dimethyl sulfoxide for 2 min. Cell lysates were prepared 48 h later by scraping the cell monolayers. Cell pellets were frozen-thawed, resuspended in 0.1 M Tris (pH 7.8), and sonicated. Total proteins were quantified by the Bio-Rad assay (A 595 ) and 3 g of proteins from each cell lysate was used for Western immunoblotting as previously described (41) . In summary, lysates were heated for 2 min at 95ЊC in SDS-and dithiothreitolcontaining sample buffer, separated in a 12.5% polyacrylamide gel, and transferred onto a nitrocellulose membrane. CAT and FGF-2 proteins were immunodetected with a rabbit polyclonal anti-CAT antibody prepared in the laboratory (1/50,000 dilution) and an anti-FGF-2 antibody (1/200 dilution; Oncogene Science), respectively. Antibodies were detected with an enhanced chemiluminescence kit (Amersham).
Cellular RNA purification. Total cellular RNA was prepared by the RNAzol B method (Bioprobe Systems), derived by the guanidinium thiocyanate procedure (10) . A total of 5 ϫ 10 6 transfected cells were scraped, centrifuged, and lysed in RNAzol (1 ml). RNA was extracted after chloroform addition (0.1 ml) and precipitated by isopropanol. Following an ethanol wash and precipitation, RNA was quantitated by measuring the A 260 and checked for integrity by electrophoresis on an agarose gel and ethidium bromide staining. To eliminate DNA contamination, RNA was treated with 10 U of RNase-free DNase I for 30 min at 37ЊC.
RNase mapping. A complementary-strand RNA probe was generated in vitro by T7 RNA polymerase according to the manufacturer's instructions, using a linearized DNA template in the presence of 50 Ci of [␣-32 P]CTP. 32 P-labelled RNA was purified by using an RNaid kit (Bio 101). The RNA probe was hybridized with total cellular RNA as previously described (47) . Two micrograms of RNA was dissolved in 30 l of hybridization buffer [80% formamide, 40 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES; pH 6.4), 400 mM NaCl, 1 mM EDTA] containing a 20-fold excess of probe (2 ϫ 10 5 cpm), heated at 90ЊC for 15 min, and incubated at 45ЊC for 8 h; 500 l of 10 mM Tris-HCl (pH 7.5)-5 mM EDTA-300 mM NaCl containing 40 g of RNase A and 2 g of RNase T 1 per ml was added, and the reaction mixture was incubated for 1 h at 37ЊC. After addition of 50 g of proteinase K and 10 l of 20% SDS, the mixture was incubated for 15 min at 37ЊC and then subjected to phenol extraction and ethanol precipitation with carrier tRNA. The RNA samples were then dissolved, denatured, and fractionated on a 6% polyacrylamide-urea gel at 15 V/cm. The gel was dried and autoradiographed.
Northern (RNA) blotting. Northern blotting was performed as previously described (47) . DNA probes were labelled with [ 
RESULTS
cis-acting sequences involved in cap-independent translation of FGF-2 mRNA. To test whether translation of the FGF-2 mRNA could be cap independent, capped and uncapped FGF-2 RNAs with either the complete 483-nt-long leader sequence or progressive deletions from the 5Ј end (Fig. 1A) were synthesized in vitro and compared for translation efficiency in RRL (Fig. 2) .
The results showed that capped and uncapped FGF-2 mRNAs were translated with the same efficiency when they had either the complete leader sequence or a deletion of the first 192 nt (Fig. 2, lanes 1 to 6) . This result was obtained whether the mRNA had a long (lanes 1 and 2) or short (lanes 3 and 4) 3Ј UTR, both corresponding to FGF-2 mRNA species existing in cells (5, 55) . In contrast, after removal of the first 256 nt or more, capped RNAs were translated three to five times more efficiently than uncapped RNAs (lanes 7 to 12). These results were confirmed by the use of a cap analog, 7-methyl GDP (m 7 GDP), competing for the cap-binding factors (Fig. 3) : addition of m 7 GDP inhibited translation of RNAs with a deletion of 256 nt or more (lanes 3 to 8) but did not inhibit translation of the FGF-2 mRNA with a complete leader (lanes 1 and 2) . These experiments indicate that translation initiation of FGF-2 mRNA is cap independent and that this process requires at least one element of the 5Ј UTR, located between nt 192 and 256.
To further characterize the cis-acting sequences involved in cap-independent translation, different parts of the 5Ј end of FGF-2 mRNA were fused with the CAT coding sequence. In pFC1 (Fig. 1B) , the first 539 nt of FGF-2 mRNA were fused to CAT. Cell-free translation of FC1 RNA produced four chimeric proteins as expected following initiation at each start codon. The fusion pFC2 (Fig. 1C) was constructed by using nt 1 to 472 of FGF-2 mRNA, with the three CUG codons but without the AUG codon. Cell-free translation of FC2 RNA gave the expected chimeric proteins initiated at the CUG codons. Capped and uncapped FC1 and FC2 RNAs were translated with similar efficiencies, indicating that translation was cap independent for both RNAs (Fig. 4, lanes 1, 2, 7 , and 8). As was observed with FGF-2 mRNA (Fig. 2) , translation of the FGF-CAT chimeric RNAs became cap dependent after removal of nt 1 to 312 or 1 to 472 (Fig. 4, lanes 3 to 6) .
Furthermore, inversion of the 5Ј 312 nt also rendered translation cap dependent (Fig. 4, lanes 9 and 10) . According to the results presented in Fig. 2 to 4 , the process of cap-independent translation did not involve RNA sequences located upstream of nt 192 or downstream of nt 472. This finding suggests that sequences located between nt 192 and 472 of the FGF-2 mRNA leader are sufficient, whereas sequences between nt 192 and 256 are necessary, to promote cap-independent initiation of translation.
Internal entry of ribosomes in the FGF-2 mRNA. Bicistronic vectors were used to determine any possible internal binding of ribosomes in FGF-2 mRNA (22, 38) . In this system, two open reading frames (ORFs) are carried by the same mRNA, and in eukaryotic cells the second one cannot be translated unless there is internal ribosome entry between the first and second ORFs. We constructed a bicistronic vector with the CAT coding sequence as the first ORF and FGF-2 coding sequence preceded by the mRNA 5Ј UTR as the second ORF (Fig. 5A,  pBI-FGF) . A stable hairpin was also introduced at the RNA 5Ј end (pHP-FGF), which would be expected to down regulate ORF1 but not ORF2 if there was internal ribosome binding (32) . COS-7 cells were transfected by the mono-and bicistronic vectors described in Fig. 5A . RNase mapping experiments allowed us to detect similar levels of RNA expression with all vectors (Fig. 5B, lanes 3 to 5) , indicating that the 5Ј hairpin did not affect RNA stability.
Translation of the monocistronic and bicistronic mRNAs was analyzed by Western immunoblotting with anti-CAT and anti-FGF-2 antibodies. Expression of CAT (ORF1) from the bicistronic mRNAs was three times less efficient in the presence of the 5Ј hairpin (Fig. 6, lanes 2 and 3) . In contrast, the four forms of FGF-2 (ORF2) were expressed with the same efficiency by the bicistronic mRNAs, whether they contained the hairpin or not. This efficiency, evaluated at 25% of that of the control monocistronic mRNA (Fig. 6, lanes 5 to 11) , is discussed below. In conclusion, addition of a 5Ј hairpin to the . Translation products were analyzed by polyacrylamide gel electrophoresis followed by autoradiography and quantitation of the bands as for Fig. 2 . The results shown correspond to representative experiments that were repeated three to five times. 38 VAGNER ET AL. MOL. CELL. BIOL.
bicistronic mRNA was able to affect expression of the first ORF (CAT) but did not affect expression of the second ORF (FGF-2). These results, which indicate that the FGF-2 mRNA can be translated in a cap-independent manner in vivo, strongly suggest the existence of an IRES in this mRNA. Identification of an IRES between nt 154 and 319 of the FGF-2 mRNA 5 UTR. The presence of an IRES in FGF-2 mRNA was further investigated by constructing different bicistronic vectors with the FGF-CAT fusions depicted in Fig. 1B as  ORF2 (Fig. 7A) . The originality of this strategy was that it allowed the detection of ORF1 and ORF2 products with a anti-CAT antibody on the same Western immunoblot, providing a direct comparison of the expression of both cistrons.
COS-7 cells were transfected by the bicistronic vectors (pBI and pHP series) containing FC1 and FC2 fusions as in Fig. 6 . The integrity of the bicistronic FC1 RNA was verified by Northern blotting (Fig. 7B) , allowing us to rule out the possibility of a cleavage or use of a cryptic promoter located between the two cistrons. Expression of the bicistronic RNAs FC1 and FC2 was analyzed by Western immunoblotting with the anti-CAT antibody.
In agreement with the data in Fig. 6 , ORF2 was expressed in both fusions, with or without the 5Ј hairpin (Fig. 7C, lanes 2, 3,  8, and 9 ). In contrast, ORF2 expression was not observed when the 5Ј UTR was deleted (lanes 4 and 5) or inverted (lanes 6, 7, 10, and 11), as indicated by the absence of the FGF-CAT fusion proteins. These data, which fit perfectly with the cap dependence study presented in Fig. 4 , confirmed the presence of an IRES in FGF-2 mRNA. Furthermore, they allowed us to localize this IRES in the 5Ј UTR of the messenger.
An alternative strategy to localize the IRES was to introduce in-frame additional AUG codons into the 5Ј UTR of FGF-2 mRNA (Fig. 8A) . According to the ribosome scanning model, insertion of an efficient AUG codon is expected to extinguish downstream initiation codons. In contrast, if there is an IRES between the inserted AUG and the downstream initiation codons, we can expect that translation initiation at the downstream codons will not be abolished.
Constructs with an additional AUG either at position 319 or at position 154 were tested both by transfection of COS-7 cells (Fig. 8B) and by in vitro translation in RRL (Fig. 8C) . As shown in Fig. 8B (lanes 4 and 5) , insertion of an AUG at position 319 (replacing CUG1) completely abolished translation initiation at CUG2, CUG3, and AUG codons (positions 346, 361, and 184, respectively) in COS cells, as would be expected in the case of a ribosome scanning from position 319 to the downstream codons. In contrast, insertion of an AUG at position 154 did not extinguish translation initiation at the downstream codons (Fig. 8B, lanes 6 and 7) .
Similar results were obtained in the RRL (Fig. 8C, lanes 3,  4, 5, and 6 ). However, in that translation system, initiation at the natural AUG (position 484) was not completely abolished VOL. 15, 1995 INTERNAL RIBOSOME ENTRY IN HUMAN FGF-2 mRNA  39 by the presence of an additional AUG at position 319 (lanes 3 and 4). These observations, in correlation with the cap dependence experiments (Fig. 2) , suggested a localization of the IRES between nt 154 and 319 of FGF-2 mRNA.
DISCUSSION
The results reported here, together with those of previous studies (41) , strongly suggest that FGF-2 synthesis is regulated at the translational level. Recently, we have demonstrated the existence of cis-regulatory elements in the mRNA leader (41). Here we provide evidence that FGF-2 is synthesized through a mechanism of internal initiation of translation. The 5Ј UTR sequence required for cap-independent translation corresponds to an element previously described for its ability to inhibit translation in wheat germ extract but not in RRL and COS cells (41) . This finding suggests that trans-acting factors, lacking in wheat germ, may control internal ribosome entry in mammalian systems. Furthermore, synthesis of AUG-initiated FGF-2, the overexpression of which can induce cell transformation (11), seems to be regulated by a double-locking mechanism: (i) internal ribosome entry depending on a 5Ј UTR element and (ii) strong inhibition by a cis element identified in the alternatively translated region, upstream of the AUG codon (41) .
One criticism with respect to our results is the possibility that we are examining some form of reinitiation occurring at ORF2 after translation of ORF1. In that case, the 5Јrev construct might disrupt this hypothetical reinitiation by introducing outof-frame AUGs between ORF1 and ORF2. However, we can rule out that possibility, as the 5Јrev construct introduces only one AUG in a bad context whereas it removes two out-offrame AUGs that are present at positions 108 and 117 from the Fig. 5A . At 48 h after transfection, total cellular RNAs were purified and analyzed by RNase protection (lanes 3 to 5). RNase A and T 1 protection was performed as described in Materials and Methods with a T7 RNA probe complementary to the FGF-2 coding sequence (nt 889 to 1179), which is depicted in Fig. 5A . Nontransfected COS cells were used as a negative control (ctrl). We checked that the reaction was quantitative by using two concentrations (10 and 1 ng) of RNA synthesized in vitro (lanes 6 and 7). Lanes 1 to 5 correspond to a 24-h exposure, whereas lanes 6 to 8 correspond to a 4-h exposure of the same gel. FGF-2 mRNA 5Ј end. Furthermore, the absence of ORF2 expression with the deletion of nt 1 to 312 cannot be explained by disruption of reinitiation by bringing the two ORFs close together, since the intercistronic distance in this construct is still 110 nt. We also wish to discuss the question of RNA cleavage between the two ORFs that would lead to a population of RNAs with a 5Ј end upstream of the second ORF. It is clear in Fig. 7B that such a population of RNAs is not present at a detectable level. Furthermore, the literature provides us with several arguments to answer this question (3): (i) RNA capping occurs by condensation of pG from GTP on either the diphosphate or triphosphate 5Ј end, whereas a cleaved RNA would have a monophosphate or a hydroxyl 5Ј end, (ii) the posttranscrip- VOL. 15, 1995 INTERNAL RIBOSOME ENTRY IN HUMAN FGF-2 mRNA 41 tional capping does not occur at detectable levels, and (iii) capping and transcription initiation are tightly linked processes. Knowing that the cap is important not only for translation initiation but also for RNA stability and export from the nucleus, a hypothetical undetectable population of uncapped cleaved RNAs with ORF2 cannot be responsible for the ORF2 expression observed with the bicistronic vectors, which is 25% of that of the corresponding monocistronic vectors (Fig. 6) . A similar reasoning allows us to rule out the possibility of a cleavage between the two cistrons that would lead to expression of ORF1 alone in our constructs with a deleted or inverted 5Ј UTR (⌬312 or 5Јrev). Such a cleaved nonpolyadenylated RNA, improbable since it is not detected with the pBI-FC1 construct (Fig. 7B) , would be unstable and unefficiently translated; thus, it cannot account for the ORF1 expression observed in Fig. 7C . Why are the FGF-2 initiation codons in the bicistronic mRNA used at only 25% of their efficiency in the monocistronic mRNA? Several explanations can be given for such a difference. First, the IRES element may be affected by longrange tertiary interactions and consequently function differently depending on its location in the RNA. Moreover, ongoing translation of the first cistron may alter the structure of the IRES and affect the translational efficiency of the second cistron (35) . Another possibility is that competition between the two cistrons for initiation factors is responsible for the different efficiencies of the mono-and bicistronic RNAs. Alternatively, the low efficiency of the bicistronic RNA may also indicate that both mechanisms of ribosome scanning from the 5Ј end and internal binding are involved in translation of the FGF-2 mRNA. Thus, the balance between these two processes may be an ingenious mechanism able to control the alternative initiation of translation, which could extend to other mRNAs possessing alternative start codons.
A molecular mechanism for internal ribosome binding on picornavirus mRNA has emerged, resulting from the identification of a cis element, an oligopyrimidine tract, highly conserved among picornaviruses and necessary for internal initiation of translation (23, 33, 39) . It has been proposed that this pyrimidine stretch, located upstream from an appropriately spaced AUG, could be analogous to the prokaryotic ShineDalgarno sequence. Indeed, it shows sequences complementary to purine stretches in mammalian 18S rRNA. Furthermore, the requirement of larger sequences in the picornavirus 5Ј UTR for internal initiation of translation suggests that the interaction of 40S ribosomes with this region, via 18S rRNA or trans-acting factors, also involves a global superstructure (33) . However, in the case of FGF-2 mRNA, there is no pyrimidine stretch in the 5Ј UTR, indicating that the cis elements allowing internal ribosome binding on FGF-2 mRNA are probably dif- 4, and 6 ) g of each RNA species per ml. We always observed a saturation of the translation system with 5 to 10 g of RNA per ml, whereas it was expected not to saturate up to about 30 g of RNA per ml. This feature, characteristic of RNAs with the FGF-2 5Ј UTR, remains unexplained. ferent from that identified for picornavirus. Moreover, there is no homology between any portion of the GϩC-rich 5Ј UTR of FGF-2 mRNA and the 55-nt-long Antennapedia IRES (36) , which is A rich. In contrast, sequence similarity could be found between the 5Ј UTRs of FGF-2 and immunoglobulin heavychain-binding protein mRNAs, which are both GC rich (42, 53) . Thus, the process of internal ribosome entry of FGF-2 mRNA may depend on mammalian specific trans-acting factors.
The FGF-2 mRNA is translated by a process of alternative initiation, using three noncanonical CUG codons and one AUG codon. This feature differentiates it from the other known cellular messengers containing an IRES. Indeed, the alternative use of the different codons determines the localization and probably the target of FGF-2 in the cell (9, 11) . Strikingly, the IRES identified in this report is located in the 5Ј UTR, upstream of the four initiation codons, whereas it would have seemed logical to find an IRES in the alternatively translated region, between the CUG3 and AUG codons. Thus, in these conditions, the process of ribosome internal entry does not regulate the relative use of the four initiation codons. However, the existence of a second IRES in the alternatively translated region cannot be ruled out, as shown by the results obtained in RRL with AUG insertion (Fig. 8C, lanes 3 and 4) . This second IRES, the use of which would depend on the translation system, has been already suggested in a report in which we have shown that mutation of the three CUG into nonstart codons does not result in enhancement of initiation at the AUG codon (41) . The existence of cells producing mostly the AUG-initiated form of FGF-2 (39a) will be very useful for resolving this question.
The process of internal ribosome entry could allow FGF-2 mRNA translation when eIF-4E-dependent initiation is inhibited, as happens in mitosis or under stress conditions (6, 37) . eIF-4E plays a central role in the control of cell growth and is activated by growth factors and mitogenic agents (15, 16) . Thus, the process of internal translation initiation, independent of eIF-4E and probably controlled by specific trans-acting factors, would be able to induce an autoparacrine loop: under conditions of cell growth arrest or in response to stress, when there is very little active eIF-4E, FGF-2 could be specifically synthesized by the internal initiation pathway. Production of the growth factor would result in activation of eIF-4E (15, 16) , derepression of translation, and stimulation of cell proliferation or differentiation (31) . This could play a key role in wound healing or tumor neovascularization processes.
